We have investigated a series of compositions in the pseudo-ternary lead-free alloy system Na 1/2 Bi 1/2 TiO 3 -BaTiO 3 -BiFeO 3 with regard to its energy storage density and discharge efficiency. A composition 0.4(Na 0.5 Bi 0.5 TiO 3 )-0.225BaTiO 3 -0.375BiFeO 3 of this series was identified to give the best energy density and discharge efficiency. While conventional sintering gave energy density of 0.77 J/cm 3 and discharge efficiency of 67%, we achieved a remarkable increase in energy storage density (∼1.4 J/cm 3 ) and discharge efficiency (∼90%) by using spark plasma sintering of this composition. Our results suggest that this alloy system can be a potential lead-free candidate for high electric energy storage and discharge efficiency.
Introduction
The progress of human civilization in this modern age requires newer sources of energy generation. Developing non polluting techniques for energy generations and finding efficient materials for energy storage are the most discussed topics in this century among the scientific community and global leaders. With active research going on to find new sources of energy, environment friendly energy storage materials also need to be developed [1] . Researchers working in the field of ferroelectrics have off late shown interest in the energy storage aspects of their materials. Lead based ferroelectric materials have shown good energy density and discharge efficiency. However lead is toxic and carcinogenic in nature and has adverse effect on human health and environment. Hence countries are now seriously looking into the aspect of banning the use of lead and laws are being framed for doing so. So there is an increasing pressure on the research community and the industry to find suitable lead free materials which can be used as an alternative to lead based ones in energy storage devices [2] [3] [4] [5] . Till date the lead free ferroelectric materials have not shown prop-erties comparable to the lead based ones. Anti-ferroelectric and relaxor category of materials are being actively probed for potential applications in energy storage devices owing to their low remnant polarization and coercive field leading to good energy storage capabilities and high discharge efficiency. Research groups from across the world are now in the search of suitable lead free materials which can be sintered at low temperature, for better utilization in multilayer ceramic capacitor(MLCC) applications and which displays a good energy density and discharge efficiency [6] [7] [8] . A few antiferroelectric systems have been reported which have shown good energy storage capabilities and good temperature stability [9, 10] . However they lack a high discharge efficiency [11] . Hence a lead free system is required which has both a good energy density and discharge efficiency. Na 0.5 Bi 0.5 TiO 3 (NBT) based system are being seen as the most suitable lead free replacements for the lead based systems. However they have major drawbacks like high dielectric loss, high conductivity and large coercive field which limit their applications [12] [13] [14] [15] . Our research was primarily guided by the motivation to find suitable composition in the lead-free category. In this paper we report the results of a pseudo-ternary lead-free alloy Na 1/2 Bi 1/2 TiO 3 -BiFeO 3 -BaTiO 3 . First we identified the optimal composition with best properties by following the conventional ceramic synthesis method. We then investigated the effect of K 0.5 Na 0.5 NbO 3 (KNN) doping in dilute concentration and also compare the results vis-à-vis the specimens prepared by spark plasma http://dx.doi.org/10.1016/j.jeurceramsoc.2017.01.036 0955-2219/© 2017 Elsevier Ltd. All rights reserved.
sintering (SPS). Our strategy resulted in achieving an extraordinarily large energy density (∼1.3 J/cm 3 ) and discharge efficiency (∼90%) in this lead-free material system.
Experimental procedure
In this study we started with two pseudo-binary alloys 0.8(Na 0.5 Bi 0.5 TiO 3 )-0.2(BaTiO 3 ) which we refer to as NBTBT and 0.75BiFeO 3 After ball milling, the agate vials were taken out and dried under IR lamp for 12 h to remove acetone. The dried ball milled powders were collected and calcined at 850 • C for 2 h in muffle furnace in covered alumina crucibles. 0.1 wt% MnO 2 was sprinkled on the calcined powders. Poly-Vinyl Alcohol (5 wt%) was added as a binder to the calcined powder and the powder was mixed thoroughly in agate mortar and pestle till the binder dried off and green pellets were prepared from the resultant powder by uniaxial pressing. Cold Isostatic pressing (CIP) of the green pellets was done at 300 MPa using a custom made setup in a hydraulic oil medium. The pellets were sintered in muffle furnace at 1125 • C for 5 h by placing them on a platinum foil and covering them in a base and cone arrangement using alumina cone and plates. The density of the sintered pellets was measured using Archimedes principle. Two compositions were also synthesised by spark plasma synthesis (SPS) technique using a graphite die under a pressure of 50 MPa at a temperature of 800 • C for 15 min. The residual carbon in the spark plasma sintered pellets that came from the graphite die, were removed by annealing the pellets at 800 • C for 3 h. The sample was then heated at 1125 • C for 2 h to increase the grain size. Microstructure of the sintered pellets was recorded by Scanning Electron Microscopy (ESEM, Quanta) after gold sputtering the pellets for 6 min. Prior to that the sintered pellets were given a mirror surface finish by diamond polishing and were thermally etched at 1025 • C for 15 min. Sintered pellets were gently crushed using mortar and pestle for 2 mins followed by annealing at 500 • C for 1 h to remove stress effect. The X-Ray Diffraction scan was performed on the resultant annealed powder using Cu-K ␣ radiation in the -2 scan mode (Rigaku,Smart Lab) so as to have a texture free and stress free pattern. The ferroelectric hysteresis of the sintered pellets was obtained using a ferroelectric test system (RADIANT Technologies, Premier Precision II). Fig. 1 shows the X-Ray Diffraction(XRD) pattern of 0.5NBTBT-0.5BFBT, 0.25NBTBT-0.75BFBT, 0.75NBTBT-0.25BFBT, 0.5NBTBT-0.49BFBT-0.01KNN and 0.5NBTBT-0.48BFBT-0.02KNN annealed powder. The XRD pattern revealed a single perovskite phase without any secondary phases for all the compositions. All the Bragg peaks appeared as singlets suggesting a cubic-like perovskite structure for these compositions. Research groups in the past have reported Na 1/2 Bi 1/2 TiO 3 -based solid solutions with a similar cubiclikestructure [16] [17] [18] [19] . The bulk density of the sintered pellets of the five ceramic compounds of the NBTBT-BFBT series was measured by Archimedes principle. All the sintered pellets showed a density of more than 96%.The SPS pellets of the two compositions 0.5NBTBT-0.5BFBT and 0.5NBTBT-0.49BFBT-0.01KNN were more than 99% dense. The microstructure of the sintered pellets was recorded by Scanning Electron Microscope (ESEM, Quanta). A visual overview of the SEM micrographs in Fig. 2 showed that 0.75NBTBT-0.25BFBT had a smaller average grain size as compared to 0.5NBTBT-0.5BFBT and 0.25NBTBT-0.75BFBT. This could be a possible reason (see Fig. 3 ) for the lower polarization of 0.75NBTBT-0.25BFBT compared to the other two compositions [20] . Doping of KNN did not cause any significant changes in grain size as 0.5NBTBT-0.49BFBT-0.01KNN and 0.5NBTBT-0.48BFBT-0.02KNN have similar grain sizes to 0.5NBTBT-0.5BFBT.Absence of visible porosity in the SEM micrographs confirms the high density obtained using the Archimedes method. Fig. 3 shows the ferroelectric hysteresis behaviour of 0.5NBTBT-0.5BFBT (0.1 wt% MnO 2 doped), 0.25NBTBT-0.75BFBT(0.1% MnO 2 doped) and 0.75NBTBT-0.25BFBT(0.1 wt% MnO 2 doped) as a function of field at 1 Hz at room temperature. The addition of 0.1 wt% MnO 2 to the compositions was done with the view to reduce the leakage current [21, 22] . All the specimens suffered dielectric breakdown in the electric field range of 55 kV/cm to 60 kV/cm. Hence, for the sake of comparison, in this paper we will report ferroelectric loops, energy density and discharge efficiency upto a field of 50 kV/cm. The energy density(W) of the compositions are calculated by taking the integration of the area between the polarization axis and the discharge curve of the monopolar ferroelectric hysteresis loop. The formulae used for computing the energy density is W = When we added a third compound K 0.5 Na 0.5 NbO 3 (KNN) in a small amount to 0.5NBTBT-0.5BFBT, as per the nominal formula 0.5NBTBT-0.49BFBT-0.01KNN, the loops became extraordinarily slim, Fig. 4 . This led to a dramatic increase in the discharge efficiency from 67.0% to 90.3%, as shown in Fig. 5 . However due to decrease in the polarization the energy density is compromised. On increasing KNN doping to 2 mol percent the loop loses its slim character and becomes slightly wider. Though this led to a minor improvement in maximum polarization and energy density as compared to the 1% KNN doped sample, the increased hysteresis led to a significant decrease in its discharge efficiency. A comparison of the energy density and discharge efficiency of all the five compositions as a function of field at room temperature is shown in Fig. 5 .
Results and discussion
The ferroelectric behaviour of the composition 0.5NBTBT-0.5BFBT which exhibits the maximum energy density was also analysed as a function of temperature, Fig. 6 . We observed that the energy density and the discharge efficiency of the 0.5NBTBT-0.5BFBT peaked at 75 • C with an energy density of 0.854 J/cm 3 and a discharge efficiency of 71.5%. These values slightly decreased at 100 • C where an energy density of 0.80 J/cm 3 and a discharge efficiency of 57.8% was obtained. The decrease in the discharge efficiency above 100 • C can be attributed to the loops became lossy in nature, presumably due to the thermally activated leakage [24] . This limits the applications of this material above 100 • C.
We also carried out energy density and discharge efficiency study of 0.5NBTBT-0.5BFBT and 0.5NBTBT-0.49BFBT-0.01KNN by fabricating using spark plasma sintering technique, the details of which is given in the experimental section. The high densification achieved by SPS, as evidenced from the dense microstructure, shown in Fig. 7 , led to more than 1.5 times increase in the dielectric breakdown strength. For example, the pellets prepared by conventional synthesis were able to sustain a field of 50-55 kV/cm, whereas the pellets prepared by SPS were able to sustain up to a field of 80 kV/cm. Fig. 8 shows polarization-field hysteresis loop, energy density, and discharge efficiency of both the SPS samples. As compared to the conventionally sintered specimen, the energy density of 0.5NBTBT-0.5BFBT increased from 0.77 to 1.37 J/cm 3 and the discharge efficiency increased from 67.0% to 75.6%. The energy density of SPS 0.5NBTBT-0.49BFBT-0.01KNN increased from 0.38 to 1.27 J/cm 3 . The corresponding discharge efficiency slightly decreased from 90.3% to 79.7%. These values are among the highest reported for lead free ferroelectrics till date in bulk polycrystalline ceramics. One of the key aspects a material ought to possess in order to be industrially viable from a capacitor point of view is a low sintering temperature, a high energy density and discharge efficiency. Most studies in the past have used conventional sintering for processing of the ceramics. Zannen et al. [25] reported the energy storage properties of Gd doped NBT systems. They obtained an energy density of 0.45 J/cm 3 at room temperature and of 0.85 J/cm 3 at 140 • C for 2% Gd doped NBT system. An investigation by Wang et al. [9] into the energy storage capabilities of La doped NBT-BZT system yielded an encouraging value of 1.58 J/cm 3 at a field of 83.4 kV/cm. However one of the drawbacks of the above mentioned systems is the use of rare earth elements as dopants which will render the energy storage device expensive. Gao et al. [26] have reported an energy density of 0.59 J/cm 3 at a field of 56 kV/cm for 0.89NBT-0.06BT-0.05KNN system. The system was sintered at 1200 • C for 3 h. When compared with the system of Gao et al. our conventionally sintered 0.5NBTBT-0.5BFBT yields a higher energy density of 0.77 J/cm 3 at a comparatively lower field of 50 kV/cm. The sintering temperature of our system (1125 • C) is also lower than that of Gao et al. A study by Xu et al. [10] on the NaNbO 3 modified NBT system revealed an energy density of 0.71 J/cm 3 with a discharge efficiency of 66% at a field of 70 kV/cm. In contrast, our system shows a slightly higher energy density (0.77 J/cm 3 ) at a lower field (50 kV/cm). Our SPS specimens show energy density of about 1.3 J/cm 3 which is significantly higher than any other values reported in the lead-free category. We believe that this value can be further improved by mechanical confinement [23] . Our study reveals that the complex system (Na, Bi, Ba)(Ti, Fe)O 3 is a potential candidate for lead-free solid state capacitor applications. We however also feel that there could be other potential lead-free systems with good ferroelectric properties [27, 28] , which when modified with KNN and fabricated using spark plasma sintering technique may also lead to improvement in their energy storage density and discharge efficiency.
Conclusion
The solid solutions of 0.5NBTBT-0.5BFBT, 0.25NBTBT-0.75BFBT, 0.75NBTBT-0.25BFBT, 0.50NBTBT-0.49BFBT-0.01KNN and 0.50NBTBT-0.48BFBT-0.02KNN with 0.1 wt% MnO 2 doping were prepared by the traditional solid state synthesis technique. The XRD analysis of the compositions revealed a pure perovskite phase. The ferroelectric characterization of the compositions showed that 0.5NBTBT-0.5BFBT possessed the highest energy density of 0.77 J/cm 3 with a discharge efficiency of 67% at room temperature at an electric field strength of 50 kV/cm at 1 Hz. The composition 0.5NBTBT-0.49BFBT-0.01KNN showed a highly encouraging discharge efficiency of 90.3% with an energy density of 0.38 J/cm 3 at 50 kV/cm field at room temperature. The ferroelectric behaviour of 0.5NBTBT-0.5BFBT at 50 kV/cm as a function of temperature showed the peak performance at 75 • C where an energy density of 0.85 J/cm 3 and a discharge efficiency of 71.5% was noted. At 100 • C there was a slight decrease in energy density and discharge efficiency. Since the compositions prepared by the conventional sintering technique suffered dielectric breakdown relatively early in the field ranges of 55-60 kV/cm, this limited their energy density. When the composition showing the highest energy density was densified further by Spark Plasma Sintering(SPS) technique we found the energy storage density to be nearly doubled (1.3 J/cm 3 ). The value of energy density obtained by us for 0.5NBTBT-0.5BFBT is among the highest reported till date for lead free ferroelectrics in the form of bulk ceramics.
